Background: The development of diagnostic tools capable of accurately identifying the pathophysiology of mild cognitive impairment (MCI) has become a crucial target considering the claim that disease-modifying treatments should be administered as early as possible in the disease course. Transcranial magnetic stimulation (TMS) protocols have demonstrated analytical validity in discriminating different forms of dementia; however, its value in daily clinical practice in MCI subjects is still unknown.
Background
Diagnosis of mild cognitive impairment (MCI) relies on extensive evaluation of cognitive and behavioral performances, and refers to subjects with objective cognitive impairment with only minimal impairment in instrumental activities of daily living, who do not meet the criteria for dementia [1] . In about 20-40% of the cases, MCI represents the prodromal phase of Alzheimer disease (MCI-AD) [2, 3] . However, classification of MCI is complicated by the fact that it may be due either to metabolic disorders or to other neurodegenerative disorders, such as preclinical frontotemporal dementia (MCI-FTD) or preclinical dementia with Lewy bodies (MCI-DLB), or causes not related to progressive neurodegenerative diseases [1] .
Thus, diagnosing the underlying etiology is challenging in an individual patient, and there is a need for accurate diagnostic tests and evidence of amyloid-and tau-related biomarkers.
In fact, clinical criteria state that positivity of one or more biomarkers of brain amyloidosis is associated with a high likelihood of AD in MCI subjects [4] . Decreased levels of Aβ in the cerebrospinal fluid and/or increased binding of amyloid brain imaging ligands on positron emission tomography are the most established and validated amyloid markers [5] [6] [7] [8] , being helpful in increasing the diagnostic confidence in patients with AD among clinicians [9, 10] .
Our group has recently developed an index using transcranial magnetic stimulation (TMS) intracortical connectivity measures [11] that stemmed from the evidence that neurodegenerative dementias are characterized by a dysfunction of specific neurotransmitter circuits [12] . An impairment in cholinergic function has been widely reported in patients with AD and in DLB patients [13] , whereas it has been demonstrated that GABAergic and glutamatergic interneurons are impaired in FTD and DLB [12, 14] .
We measured short-latency afferent inhibition (SAI), a TMS paired-pulse protocol which indirectly and partially estimates the function of cholinergic circuits, and shortinterval intracortical inhibition (SICI) and intracortical facilitation (ICF), markers which partially reflect GABA A ergic and glutamatergic neurotransmission, respectively [15] . By using SAI and SICI-ICF, we reported high accuracy values in identifying AD patients, even in the MCI stage [11, 16] , as well as patients with FTD [11, 17, 18] or DLB [19] . Furthermore, we showed that TMS measures, when used on clinical grounds, increase diagnostic confidence of AD, comparable to that reported with established amyloidosis biomarkers [20] .
However, in comparison to amyloid markers, TMS has its advantages: it is much less expensive, easy to perform, non-invasive, time saving, and safe.
However, despite the proven usefulness of both amyloid and TMS markers, all published studies have generally included selected research populations not representative of daily clinical practice, thus hampering the use of these markers. Moreover, to our knowledge, none of the available studies has assessed the role of clinicians' expertise in the use of diagnostic markers on clinical grounds and how this influences the diagnostic confidence when markers are available.
All the above observations defined the objective of this work, aimed at evaluating the clinical utility of TMS compared to amyloid markers on diagnostic accuracy and confidence in subjects with MCI, taking clinicians' expertise into consideration. To this end, we assessed the change of diagnostic confidence when either TMS intracortical connectivity measures or amyloid markers were randomly added to the routine clinical work-up, and eventually evaluated the impact when both markers were disclosed.
Methods

Participants and study design
Patients with MCI [1] were consecutively recruited from the Centre for Neurodegenerative Disorders and the Centre for Alzheimer Disease, University of Brescia, Brescia, Italy. Demographic characteristics, family history, and clinical features were carefully recorded. All patients considered in the present study underwent a standardized neuropsychological evaluation; brain magnetic resonance imaging; at least one diagnostic marker of brain amyloidosis, i.e., cerebrospinal fluid Aβ 1-42 dosage and/or amyloid positron emission tomography scan; and TMS intracortical connectivity measures, as described below.
Patients' data were then anonymized, randomized, and presented to two neurologists, one with long-lasting experience in a tertiary dementia care center (AP, rater 1) and one with 5-year experience in a secondary referral center for the diagnosis and the cure of dementia (MSC, rater 2), in three consecutive steps. In 50% of the cases (arm 1), the two raters were made aware of the following: step 1-demographic characteristics, family history, clinical and neuropsychological assessment, and structural imaging data (henceforth defined as "clinical workup"); step 2-amyloid marker data; and step 3-TMS intracortical connectivity measures.
In the other 50% of the cases (arm 2), the two raters were made aware of the following: step 1-clinical workup, step 2-TMS intracortical connectivity measures, and step 3-amyloid marker data (see Fig. 1 , study design).
On the basis of the data obtained at each of the three steps, the two neurologists were asked to (a) formulate their etiological diagnosis (MCI-AD, MCI-FTD, MCI-DLB, or MCI-other), (b) to rate their diagnostic confidence (DC) that cognitive impairment was due to AD on a structured scale ranging from 0 to 100% (DC-AD, 0-100%), (c) to rate their confidence that cognitive impairment was due to FTD on a structured scale ranging from 0 to 100% (DC-FTD, 0-100%), (d) to rate their confidence that cognitive impairment was due to DLB on a structured scale ranging from 0 to 100% (DC-DLB, 0-100%),and (e) to rate their confidence that cognitive impairment was due to other neurodegenerative causes on a structured scale ranging from 0 to 100% (DC-other, 0-100%). Thus, the highest DC supported the formulated diagnosis. Any change in diagnosis or DC in the subsequent steps could only be attributed to knowing such results.
Moreover, a "gold standard" diagnosis (i.e., MCI-AD, MCI-FTD, MCI-DLB, or MCI-other) was provided by the dementia experts (AB, AA, and BB), who had the subjects in charge and who had complete access to all available information, such as the clinical work-up, amyloid markers, TMS intracortical connectivity measures, and follow-up evaluations.
Clinical work-up
The set of mandatory information for each recruited subject, which were presented to the two neurologists during the clinical work-up evaluation, included the demographic characteristics (age, sex, family history, past medical history, and comorbidities), the conventional structural brain imaging findings, and the results of the neuropsychological assessment, including global cognitive functions, long-term memory, executive functions, and language and visual spatial abilities, as previously reported [20] . MiniMental State Examination and Clinical Dementia Rating scales were considered to test global cognitive functions [21, 22] . The Basic and Instrumental Activities of Daily Fig. 1 Study design. DC-AD, diagnostic confidence of mild cognitive impairment due to Alzheimer disease; DC-FTD, diagnostic confidence of mild cognitive impairment due to frontotemporal dementia; DC-DLB, diagnostic confidence of mild cognitive impairment due to dementia with Lewy bodies; DC-other, diagnostic confidence of mild cognitive impairment due to other conditions. *Excluded because carrying electronic implants (n = 2) or motor cortex excitability was unreliable (n = 1) Living [23, 24] , Neuropsychiatric Inventory [25] , and Geriatric Depression Scale [26] were also considered.
All the above data were provided to the two raters in step 1.
Amyloid markers
We considered cerebrospinal Aβ 1-42 analysis or amyloid positron emission tomography imaging as markers of amyloidosis. Lumbar puncture was carried out in the outpatient clinic according to standard procedures, and cerebrospinal fluid analysis was performed using an ELISA assay (INNOTEST, Innogenetics, Ghent, Belgium) [27] . According to our internal cutoff scores, a cerebrospinal fluid AD-like profile was defined as cerebrospinal fluid Aβ 1-42 ≤ 650 pg/mL (along with cerebrospinal fluid total Tau ≥ 400 pg/mL).
Amyloid positron emission tomography imaging was acquired using 370 MBq (10 mCi) of 18 F-florbetapir or 18 F-flutemetamol, and visual readings were performed by a nuclear medicine physician who was blinded to the patients' diagnosis, following the procedures provided by the ligand manufacturer, as previously reported [9] .
Cerebrospinal fluid Aβ 1-42 dosage (along with Tau) and/or amyloid positron emission tomography results ("positive" vs. "negative") were provided to the two raters in either step 2 or step 3, according to randomization.
Transcranial magnetic stimulation intracortical connectivity measures
TMS protocols were carried out as previously published [11] . We considered SICI [28] and ICF [29] , which predominantly reflect GABA A ergic and glutamatergic neurotransmission, respectively [15] , and SAI [30] , which primarily reflects cholinergic transmission [15] .
Briefly, SICI, ICF, and SAI were studied using a pairedpulse technique, employing a conditioning-test design. For all paradigms, the test stimulus was adjusted to evoke a motor evoked potential (MEP) of approximately 1 mv amplitude in the right first dorsal interosseous muscle.
For SICI and ICF, the conditioning stimulus was adjusted at 70% of the resting motor threshold (RMT), employing multiple interstimulus intervals (ISIs), including 1, 2, 3, and 5 ms for SICI and 7, 10, and 15 ms for ICF [11, 28, 29] . SAI was evaluated employing a conditioning stimulus of single pulses (200 μs) of electrical stimulation delivered to right median nerve at the wrist, using a bipolar electrode with the cathode positioned proximally, at an intensity sufficient to evoke a visible twitch of the thenar muscles [11, 30] . Different ISIs were implemented (− 4, 0, + 4, + 8 ms), which were fixed relative to the N20 component latency of the somatosensory evoked potential of the median nerve.
For each ISI and for each protocol, 10 different paired conditioning-target stimuli and 14 control target stimuli were delivered in all participants in a pseudorandomized sequence, with an intertrial interval of 5 s (± 10%). Stimulation protocols were conducted in a randomized order. All of the participants were capable of following instructions and reaching complete muscle relaxation; if, however, the data was corrupted by patient movement, the protocol was restarted and the initial recording was rejected.
The operators who performed TMS (VC and VD) were blinded to the subjects' amyloid marker status and clinical or neuropsychological evaluation. Mean SICI-ICF (1, 2, 3 ms/7, 10, 15 ms) and mean SAI (0, + 4 ms), as well as SICI-ICF/SAI ratio, were calculated, as previously reported [11] . SICI-ICF/SAI ratio was provided to the two raters, and they considered the previous published cutoff value of 0.98 [11] in either step 2 or step 3, according to randomization.
Statistical analysis
Sociodemographic characteristics of the patients as well as descriptive features of the DCs were provided through mean, standard deviation, 95% confidence intervals (95% CI), and median values.
Considering the experimental design (with repeated measures within arms, raters, and assessments and, thus, with variance structure dependence), and taking into consideration the diagnostic confidence distributions (skewed and with a positive mass at zero) of the four outcomes (DC-AD, DC-FTD, DC-DLB, DC-other), generalized estimating equation models with Tweedie distribution and log link-function were adopted to assess the association of the three factors: arms (arm 1 [clinical work-up➔amyloid markers➔TMS], arm2 [clinical workup➔TMS➔amyloid markers]), raters (rater1, rater2), and single assessments (clinical work-up, TMS, amyloid markers) with DC. A first evaluation of the four DCs data with respect to arms, raters, and assessments was provided regardless of the diagnosis, by performing three generalized estimating equation models with DC as dependent variable and each of the three factors, and their triple interaction, as independent factors. Subsequently, a detailed evaluation of the additional contribution of the assessments (clinical work-up, clinical workup PLUS either TMS or amyloid markers, and clinical work-up PLUS both markers) in explaining the DC variability was performed for each of the four diagnoses (MCI-AD, MCI-FTD, MCI-DLB, or MCI-other).
Finally, the association of DC of each of the five sections (independent variables) with the "gold-standard" diagnosis (i.e., MCI-AD, MCI-FTD, MCI-DLB, and MCI-other as, in turn, dependent variables) was evaluated through logistic regression models. Performance of each assessment section in predicting the "gold-standard" diagnosis was evaluated through receiver operating characteristic (ROC) curves, and the corresponding area under the curve (AUC) values, applied on predictive probability scores obtained by the logistic models. High values of AUC (greater than 0.8) indicate good performance of independent variables in predicting the diagnosis. Comparison of AUC was performed by the DeLong test.
Statistical significance was assumed at p < 0.05. Data analyses were carried out by "mclust" and "InformationValue" packages of R statistical software (URL http:// www.R-project.org/) and IBM SPSS Statistics for Windows, version 21.0, Armonk, NY: IBM Corp.
Results
Participants
One hundred seven MCI subjects were consecutively enrolled in the present study. Three out of 107 were excluded (2.8%), because carrying electronic implants (n = 2) or motor cortex excitability was unreliable (n = 1).
Among 104 MCI subjects included in the present study, 52 (50%) were female, the mean age was 68.8 (standard deviation, 7.2), the mean age at onset was 65.4 (9.4), and the mean years of education was 10.3 (4.7). The mean Mini-Mental State Examination score was 26.5 (2.1), the mean Neuropsychiatry Inventory score was 8.8 (8.1), and the mean Geriatric Depression Scale score was 3.2 (3.1).
Forty-five MCI subjects (43.3%) performed positron emission tomography amyloid, 45 (43.3%) underwent lumbar puncture and cerebrospinal fluid analysis, and 14 (13.4%) performed both. When the performance of rater 1 and rater 2 was considered, a significant difference for MCI-FTD, MCI-DLB, and MCI-other (p = 0.002, 0.003, 0.046, respectively), and a tendency toward significance (p = 0.095) for MCI-other, was found (see Additional file 2: Figure  S2 ). The greater the clinical expertise, the greater the flexibility in considering alternative diagnosis other than MCI-AD after clinical work-up evaluation and the greater the ability to interpret TMS and amyloid markers by changing DC was documented. Thus, the rater with less experience (rater 2) showed more unwillingness to modify the first DC, based on clinical work-up, during the additional assessments, as compared to the rater with more experience.
Diagnostic confidence of MCI-AD, MCI-FTD, MCI-DLB, and MCI-other of TMS and amyloid markers
A detailed evaluation of additional contribution at each step of the assessments (clinical work-up, clinical workup PLUS either TMS or amyloid markers, clinical workup PLUS both markers) in explaining the DC variability was performed within each diagnosis.
When raters' diagnosis was MCI-AD, the DC-AD significantly increased adding TMS (77. For all MCI subgroups, no significant differences between the add-on effect of TMS vs. the add-on effect of amyloid markers to clinical work-up were observed (p > 0.732 for all four MCI diagnoses).
Performance of each assessment section in predicting the "gold-standard" diagnosis According to the "gold-standard" diagnosis, 48 MCI-AD (mean age ± SD 69.9 ± 7.0; female 50.0%; MMSE 26.3 ± 2.0), 31 MCI-FTD (mean age ± SD 66.8 ± 7.5; female 45.2%; MMSE 26.8 ± 2.3), 9 MCI-DLB (mean age ± SD 72.4 ± 4.2; female 66.7%; MMSE 24.7 ± 2.0), and 16 MCIother (mean age ± SD 67.6 ± 7.9; female 50%; MMSE 27.1 ± 1.6) were included. Table S1 , cerebrospinal fluid analyses, amyloid imaging, and TMS parameter findings in MCI subtypes according to "gold standard" diagnosis were reported.
Logistic regression models revealed a high statistically significant association between "gold standard" diagnosis and all the three assessments (p < 0.001 for all).
Considering the performance in predicting diagnosis, although all three assessments reached high values of specificity and sensitivity in classifying MCI-subtypes correctly (AUC greater than 0.7 for all), the best performances were obtained when both markers were disclosed for all MCI diagnoses (see Fig. 3 ). However, as reported in Table 1 , amyloid markers performed better as compared to TMS in predicting MCI-AD diagnosis. Prediction of MCI-FTD diagnosis was significantly improved by the use of one single marker (either TMS or amyloid marker) as compared to clinical work-up alone, while it did not significantly improve with the add-on of a second marker. Prediction of MCI-DLB obtained good performances with clinical work-up, while predicting MCI-other diagnosis required the disclosure of both markers to achieve high accuracy.
Discussion
This study has shown that the addition of such TMS markers to clinical work-up, such as SAI and SICI-ICF measures, significantly increased the diagnostic confidence of MCI patients compared to clinical work-up alone. Moreover, there was no statistical evidence of difference between the add-on effect of TMS markers and amyloid-related markers, and between the sequences of presentation of TMS/amyloid findings, while the diagnostic confidence further increased when both markers were available. An unexpected effect was observed when the clinical expertise was taken into account, as the greater the clinician's experience, the greater the flexibility in considering alternative diagnoses and in modifying diagnostic confidence by using available markers.
The clinical diagnosis of AD is still generally based on an extensive evaluation of cognitive and behavioral performance, along with functional status, which provides a variable grade of accuracy, with a definite diagnosis reached only at autopsy [31] . Because it is generally considered that disease-modifying treatments are likely to be most effective at the earliest stages of AD, there is great effort to develop sensitive markers that facilitate Fig. 3 Receiver operating characteristic curve for DC-AD, DC-FTD, DC-DLB, and DC-other of each assessment section in predicting the "goldstandard" diagnosis. DC, diagnostic confidence; MCI-AD, mild cognitive impairment due to Alzheimer disease; MCI-FTD, mild cognitive impairment due to frontotemporal dementia; MCI-DLB, mild cognitive impairment due to dementia with Lewy bodies; MCI-other, mild cognitive impairment due to other conditions; Clinical wu, clinical work-up; TMS, transcranial magnetic stimulation parameters; ROC, receiver operating characteristic; AUC, area under the curve; TMS, transcranial magnetic stimulation detection and monitoring of early brain changes in atrisk individuals. Many technological advancements have been implemented to serve as surrogates for specific neuropathological hallmarks and to improve the diagnostic work-up of cognitive decline [32] .
Indeed, it has been clearly demonstrated that the development of AD pathology, as measured by PET amyloid or CSF amyloid marker positivity, can start 20 to 30 years before dementia onset, implying that there is a wide window of opportunities to start a preventive treatment [33] . Thus, growing evidence has emerged arguing for staging AD along a continuum by means of surrogate markers of amyloid burden, which have been used to improve the diagnostic confidence of AD [31] . Accordingly, in a recent naturalistic study, positron emission tomography amyloid data led to improved confidence in 81.5% of patients with complex dementia presentation and altered management in 80.0% of cases [34] .
If amyloid markers held the premises to identify or to exclude preclinical AD [35] , a number of issues need to be further elucidated, especially in MCI stages. Cerebrospinal fluid analysis is invasive and needs hospitalization, and although good sensitivity in diagnosing preclinical AD [36] , it is not helpful in the differential diagnosis among MCI non-AD subtypes [37] . Moreover, there is still variability in cerebrospinal fluid measurements between clinical laboratories and between batches of reagents, which are more pronounced for Aβ42 dosages [38] . Positron emission tomography amyloid has been shown to have high sensitivity and specificity for brain amyloidosis, and not necessarily for AD, particularly in the elderly population, thus resulting more useful as an exclusion criteria for AD [39] , and besides being expensive, it is still not available in most dementia centers and not reimbursed in most western countries. Association was evaluated by odds ratio (OR) of logistic regression models; the performance was evaluated through AUC values of the receiver operating characteristic (ROC) curves DC diagnostic confidence, MCI-AD mild cognitive impairment due to Alzheimer disease, MCI-FTD mild cognitive impairment due to frontotemporal dementia, MCI-DLB mild cognitive impairment due to dementia with Lewy bodies, MCI-other mild cognitive impairment due to other conditions, AUC area under the curve, CI confidence interval, TMS transcranial magnetic stimulation *AUC comparisons: p value of significantly different AUC
In this context, we have recently proposed TMS intracortical connectivity markers, which assess neurotransmitter deficits [15, 40] , instead of targeting surrogate neuropathological hallmarks, and we obtained comparable findings in defining diagnostic accuracy and diagnostic confidence in MCI subjects.
TMS has a number of advantages as compared to amyloid markers, even though its use is still limited in selected centers. TMS is time-saving, non-invasive, and inexpensive, and it can ideally be performed during the patient's first access to the clinic, allowing the clinician to identify subjects deserving further in-depth examinations. Interestingly, the most experienced clinician used the markers more profitably, with a greater ability in interpreting diagnostic markers results. Furthermore, the highest diagnostic confidence (Fig. 2 ) and the highest diagnostic accuracy (Table 1) were reached when both markers were disclosed, confirming that markers used in combination may best identify prodromal AD, prodromal FTD, or prodromal DLB [32] . In this view, TMS parameters may be acknowledged among the wide variety of available markers for AD and for other dementias, such as functional and structural neuroimaging methods, molecular techniques based on CSF, and blood analyses, and may be considered as an add-on marker to be used in combination to increase diagnostic confidence. The role of additional biomarkers, such as TMS, could become useful particularly in cases with contrasting biomarkers of neurodegeneration or amyloidosis obtained from different techniques, and in cases where these biomarkers are unavailable, or contraindicated in the single patient. Furthermore, considering the high sensitivity of the technique (90-95%), the test could be particularly suitable to be used as a screening tool in the initial diagnostic assessment, both for confirming the presence of a dementing illness and for differentiating distinct neurodegenerative disorders, thus helping in the decision for the most appropriate clinical work-up.
Some limitations of the present study need to be acknowledged. First, longitudinal follow-up of included subjects is needed to clearly prove the usefulness of both amyloid markers and TMS measures. Second, we conducted a retrospective study using medical records; thus, the evaluation of the add-on value of TMS parameters should be further addressed in real-world situations. Third, in this preliminary work, we considered only two raters, and it might be worth having more raters to further address diagnostic accuracy.
Conclusions
In MCI subjects, TMS parameters are useful as an addon marker in addition to routine clinical assessment and may be considered in combination with amyloid markers to reach the highest diagnostic accuracy and confidence on clinical grounds.
Longitudinal follow-up studies on larger samples of subjects referred for cognitive impairment aimed to compare the predictive values of TMS parameters as well as of other well-known amyloid and neurodegenerative biomarkers might be helpful to warrant the inclusion of TMS in the diagnostic algorithm of neurodegenerative dementias.
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